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to  the  distortion  removal  problem,  they  demonstrated  a  viable  approach  to 
time-domain  simulations. 

Later,  Nicolson  et  al.  [3]  developed  a  similar  measurement  technique, 
which  they  used  to  obtain  frequency-domain  data  of  networks  by  sampling 
time-domain  transient  responses.  Bauer  and  Penfieid  [4]  examined  the  de¬ 
embedding  problem  and  presented  the  wcll-knowr.  formula  for  de¬ 
embedding.  In  their  study,  they  employed  the  classical  z-parameters.  Scatter¬ 
ing  or  s-parameters  were  utilize'.*  by  Loeb  and  Ward  [5l  After  extracting 
time-domain  data,  they  shifted  the  measurement  plane  to  de-embed  the 
unwanted  ^flections. 

This  thesis  examines  the  de-embedding  problem  from  a  point  of  view 
similar  to  that  cf  Loeb  and  Ward  and  proposes  a  modern  technique  which 
directly  utilizes  s-parauictcrs.  The  objective  of  acquiring  measured  data  that 
represent  the  OLT  alone  will  be  accomplished  by  first  developing  a  TDR  tech¬ 
nique  using  scattering  parameters  and  then  processing  the  inverted  time- 
domain  data  to  remove  the  effects  of  any  intervening  connections  between 
the  DLT  and  the  measurin'!  set. 

To  satisf  y  the  above  objective,  the  thesis  follows  the  sequence  of  first 
examining  basic  TDR  systems  and  establishing  what  needs  to  be  simulated. 
Second,  s-parameters  and  errors  inherent  in  measuring  them  are  reviewed. 
Error  analysis  and  eiror  models  are  then  developed.  With  appropriate  error 
models,  the  actual  IDR  technique  using  s-parameters  is  developed  and  appli¬ 
cation  10  the  specific  problem  is  presented.  Advantages  ol  this  technique  are 
also  discussed. 


1.1  Basic  Time-domain  Reflectometry 


Time-Domain  RcfleetomeJry  (TDR)  is  a  measurement  technique  which  is 
widely  used.  Tw  o  of  its  primary  uses  include  finding  the  distance  to  a  discon¬ 
tinuity  along  a  transmission  line  and  determining  the  impedance  of  a  net¬ 
work  or  DUT.  The  latter  is  feasible  because  the  amplitude  of  the  reflected  sig¬ 
nal  corresponds  directly  to  the  impedance  of  the  DUT. 

A  generalized  reflectometer  consists  of  a  sweeping  source,  a  signal 
separation  device,  a  detector,  a  DUT,  some  standard  loads  to  use  as  references, 
and  usually  a  display  device  as  shown  in  Figure  l.  In  network  analysis,  the 
reflection  coefficient  of  the  DUT  is  of  prime  importance.  In  this  case,  the 
source  sends  a  signal  at  each  frequency  of  interest  and  the  ratio  of  the 
reflected  signai  to  the  incident  signal  is  measured.  The  incident  signal  is  sam¬ 
pled  from  the  forward  port  of  the  signal  separation  device  or  directional 
coupler,  while  the  reflected  signai  is  sampled  from  the  reverie  port  of  the 
coupler. 

If  there  were  no  requirement  for  spectrum  analysis  and  only  network 
analysis  was  required,  then  an  even  more  basic  time-domain  reflectometer 
could  be  used.  In  this  case,  it  would  consist  of  a  high-frequency  oscilloscope,  a 
high-frequency  pulse  generator,  a  reference  transmission  line,  appropriate 
standard  terminations,  and  a  DUT,  as  shown  in  Figure  2.  Here  the  generator 
sends  a  pulse  towards  the  DUT  and  the  scope  measures  and  displays  the  sum 
of  the  incident  and  reflected  signals.  When  the  reference  transmission  line  is 
terminated  with  a  true  open  circuit,  the  reflection  coefficient  has  unit  magni¬ 
tude  and  zero  phase.  The  reflected  and  incident  signals  add  constructively  and 
result  in  the  waveform  shown  in  Figure  3(a).  W  hen  it  is  terminat'd  with  a 
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Figure  1.  Generalized  Reflect omcter.  U)  Kstablishing  a  Reference  for  the 
Reflection  Coefficient  with  Short-circuit  Termination,  (b)  Measuring  the 
Reflection  Coefficient  of  the  DLT. 
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Figure  2.  Basic  Time-domain  ReQeciometer  Ltiiizin" 
Generator,  and  a  Reference  Transmission  Line. 
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Figure  3.  Idealized  Waveforms  for 


true  short,  the  reflection  coefficient  has  unit  magnitude  and  a  180  degree 
phase.  The  incident  and  reflected  signals  add  destructively  and  produce  the 
waveform  of  Figure  3(b).  For  a  truly  matched  termination,  the  reflection 
coefficient  has  zero  magnitude  and  the  waveform  of  Figure  3(c)  is  generated. 

The  above  waveforms  cannot  be  realized  in  practice  because  of  the  lead 
inductances  and  capacitances.  These  capacitive  and  inductive  effects  are  indi¬ 
cated  in  Figure  4.  The  higher  the  frequency,  the  more  significant  the  fring¬ 
ing  effects  of  the  electric  field  of  open  terminations.  Similar  distortions  occur 
for  the  short  and  matched  terminations.  More  importantly  though,  at  these 
higher  frequencies,  systematic  measurement  errors  manifest  themselves  in  a 
more  pronounced  manner.  These  undesirable  effects  can  be  reduced 
significantly  by  using  scattering  parameters  and  appropriate  error  correction 
techniques.  Using  these  techniques,  s-parametert  will  be  measured  and  used  to 
simulate  the  time-domain  response  of  a  DUT  which  is  subjected  to  a  pulse  of 
appropriate  pulse  width.  The  strategy  then  is  to  begin  by  introducing  s- 
parameters  and  error  correct  ion. 


1.2  Scattering  Parameters 


Any  iw  o-pori  network,  such  as  that  show  n  in  Figure  5,  can  be  character¬ 
ized  by  a  number  ol  familiar  parameters.  It  can,  for  example,  be  described  b^ 
its  hybrid  (h),  impedance  (z),  or  admittance  (y)  parameters  as  follows; 


h-parameters 


>  j  —  hub  r  h|A  » 

h  =  h.,I,  +  h,,v. 


b(  -St|0|+  S|202 

b2=s2,o,+  s22a2 

Figure  6.  Two-port  Network  Showing  Where  the  Voltage/Power  Waves  Are 
Defined. 


a.  = 


V 


.2 


h,  = 


V.  -hZ,, 

Wz,, 


Complex  voltage  wave  reflected  from  port  1 

■n/zT* 


V„ 

Vz7, 


b:  = 


Vj  -  IjZ» 

2Vz7, 
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With  these  voltage  waves,  the  two-port  network  can  be  characterized  in 


=  Power  incident  on  input  of  network. 


—  Power  available  f rom  source  of  impedance 
ii  j 2  =  Power  incident  on  the  output  of  the  network. 

=  Power  reflected  from  the  load. 
t>,  j  ‘  *  Power  reflected  from  the  input  of  the  network. 

*  Power  from  a  Z^,  *ourc<  minus  the  power  delivered  to  the  input  of  the  network, 
kn  j 2  —  Power  reflected  f  rora  the  output  of  the  network. 

=  Power  incident  on  the  load 
=  Power  that  would  be  delivered  toaZg  load. 


Similarly,  there  is  a  better  insight  into  the  s-parameters: 


Power  reflected  from  input  of  network 
Power  incident  on  the  input  of  network 


!  _  Power  reflected  from  output  of  network 
Power  incident  on  the  output  of  network 


Power  delivered  to  a  Z«  load 
Power  available  from  a  Z«  source 


=  Transducer  power  gain  with  a  Z,  toad  and  source. 


=  Reverse  transducer  power  gain  with  a  Z,,  load  and  source. 


1-3  Signal  Flow  W  hen  Measuring  S-parameters 


Figures  7  and  8  show'  the  equipment  layout  used  to  measure  s- 
parameters.  A  topical  signal  llow  begins  with  the  swtx’p  oscillator.  It  must 
have  the  appropriate  RF  plug-in  to  cover  the  frequency  range  of  interest.  In 
this  thesis,  the  range  of  interest  was  ric  to  18  GHz.  Alter  the  signal  leas  es  the 
oscillator,  it  splits  into  two  w  hen  inside  the  test  set  (Figure  8).  One  signal  is 
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hori  vi  fth?(  N,easur‘n?  S-uara  meters.  Schematic  Taken 

horn  Hewlett-Packard  Manual  for  the  85040B  Test  Set.  pp.  2-8,  May  1^82. 


Figure  8.  Block  Diagram  of  Test  Set  Showing  Signal  Flow  W  hen  Measuring 
S-parameters.  Schematic  Taken  Irom  Hew  Icit-Packard  Manual  for  the 
85040 B  Test  Set,  pp.  8-0,  May  1982. 


CHAPTER  2 


SYSTEMATIC  MEASUREMENT  ERRORS 


In  tracing  the  signal  flow  as  outlined  above,  points  at  which  systematic 
measurement  errors  can  potentially  be  interjected  into  the  system  can  be 
identified  [8l  One  prime  source  of  error  is  the  directional  coupler  used  in  the 
test  set.  Ideally,  this  device  absolutely  separates  the  forward  signal  from  the 
reverse  signal.  This  never  occurs  in  reality  and  directivity  errors  result. 
Another  source  of  error  is  the  signal  generator.  When  the  generator  fails  to 
maintain  absolute  constant  power  at  the  input  of  the  DUT,  or  when  its  output 
impedance  is  not  perfectly  matched  to  the  transmission  line,  source  match 
errors  are  produced.  A  third  contributor  is  the  impedance  mismatch  between 
the  o"tjmt  port  of  the  DUT  and  the  input  port  of  the  network  analyzer.  These 
mismatches  result  in  load  match  errors.  Occasionally,  there  is  cross  coupling 
between  reference  and  lest  signals  in  the  test  set.  This  contributes  to  isola¬ 
tion  errors.  The  final  major  systematic  error  is  the  tracking  error  which 
results  from  components  such  as  cables  and  adapters,  that  have  magnitude 
and  phase  responses  which  vary  as  a  l  unction  cf  frequency.  That  is,  their 
responses  are  not  flat  across  the  frequency  band  ol  interest. 

2.1  Directivity  Error 

Directivity  is  defined  as  the  ratio  of  the  power  coupled  into  the  coupled 
arm  when  the  coupler  is  in  the  forward  direction  and  using  a  Z,,  load  to  the 
power  available  in  the  coupled  arm  when  the  coupler  is  in  the  reverse  direc¬ 
tion  and  using  a  Z,,  load.  Figure  9  shows  the  schematic  of  a  coupler.  It  also 
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Figure  9.  Schematic  oi  Directional  Coupler  Demonstrating  How  to  Compute 
Directivity,  (a)  Signal  Flow  in  the  Forward  Direction,  (b)  Signal  Flow  in  the 
Reverse  Direction. 


demonstrates  how  to  compute  directivity,  given  an  input  signal  of  1  raW  and 
a  detected  signal  of  0.99  mW  when  in  the  forward  direction  and  a  detected 
signal  of  0.00001  mW  when  in  the  reverse  direction. 

The  primary  contributor  of  imperfect  directivity  is  the  leakage 
between  the  forward  and  reverse  signal  paths.  There  are  also  significant  con¬ 
tributions  from  connector  reflections  and  coupler  load  reflections. 

22  Source  Match  Error 

The  source  is  in  a  levelling  loop.  It  tries  to  maintain  an  absolute  con¬ 
stant  power  at  the  input  of  the  DUT.  This  is  very  difficult  because  there  are 
cable  ?nd  adapter  mismatches  and  losses  outside  the  levelling  loop.  The  effect 
is  that  the  reflection  coefficient  of  the  source  as  “seen*  from  the  outside  world 
is  not  zero,  i.e.,  1^3*0.  This  means  that  the  soui-ce  cannot  compensate  quickly 
enough,  and  source  match  errors  arc  produced. 

23  Load  Match  Error 

During  transmission  measurements,  the  signal  may  encounter  many 
discontinuities  caused  by  impedance  mismatches  as  it  travels  from  the  output 
port  of  the  DUT  to  the  input  port  of  the  network  analyzer.  The  vector  sum  of 
all  these  error  signals  contributes  to  load  match  errors. 

2.4  Isolation  Error 

Occasionally,  there  is  leakage  between  IF  and  RF  signals  in  the  receiver 
section  of  the  network  analyzer.  Both  leakage  and  cross  coupling,  which 
occur  between  reference  and  test  signals  to  Uie  harmonic  cons  crier. 


contribute  to  isolation  error. 

2.5  Tracking  Error 

Different  test  setups  using  different  connectors,  cables,  adapters,  etc. 
with  different  magnitudes  and  phase  responses  contribute  to  tracking  error. 
Tracking  error  depends  primarily  on  the  lengths  of  cables  used. 

2.6  Error  Correction  and  Calibration 

Now  that  the  major  sources  of  errors  have  been  identified,  an  appropri¬ 
ate  error  model  is  developed  in  order  to  calibrate  the  measurement  system 
and  neutralize  these  errors.  Since  the  prime  interest  is  in  developing  a  TDR 
technique  for  a  one-port  device,  the  error  analysis  is  restricted  to  a  three- 
term  error  model. 

2-6.1  Error  Model  and  Analysis 

Figure  10  shows  the  three-term  error  model.  Of  primary  interest  is  the 
reflection  coefficient  SUj.  Since  the  reflected  signal  R  is  invariably  corrupted 
by  leakage  through  the  directional  coupler,  the  directivity  error  Eh,  is 
modeled  by  a  forward  path  from  incident  to  reflected  signal.  For  signals  that 
are  reflected  from  the  DLT  and  get  rereflected  from  mismatches,  the  source 
match  error  E,r  is  modeled  as  a  path  Ironi  reflected  to  incident  signal.  Since 
test  signals  travel  different  paths  than  reference  signals,  they  are  distorted 
by  intervening  hardware  svhich  have  variations  in  their  magnitude  and 
phase  flatness.  These  different  paths  contribute  to  trucking  error  F.n  hich  is 
modeled  along  the  reflected  signal  path. 


Figure  10,  Three-term  Error  Model. 


Figure  10  shows  that  there  are  only  two  independent  paths,  F4,  and 
SUjF.r(,  between  the  incident  and  reflected  signals.  There  is  also  only  one 
closed  loop.  Su  E,t.  By  applying  Mason’s  rule  t*»]IlQ],  the  measured  input 
reflection  coeiiicienl  Su  is 


Sn  -E*  + 


S|  IjErt 

1  —  E.i  Sj , 


2.6.2  Error  (’alibi  ati 


on 


(2.6.1) 


Equation  (2.6.1)  has  four  unknowns  :  E. 

•  l 

is  a  measured  quantity.  Using  three  standard 
which  have  known  values  of  S 


Em,  Em.  and  sUj.  i’he  S,,^  let m 
terminations,  i.e.,  terminations 


ii,'  the  other  three  unknowns,  E,,.  E,.  and  E„. 


C-«r;vv 


can  be  determined.  The  three  standards  and  their  corresponding  SUi  are  (1) 
Open  termination.  S, ,  =  1;  (2)  Short  termination.  Sni  =  —l:  and  (3)  Matched 
load,  S„  =  0  Taking  three  measurements  of  Stliii  produces  three  equations  in 
the  three  unknowns.  These  equations  can  then  be  sol\ed  to  obtain  the  three 
error  terms.  Equation  (2.6.1)  can  be  rewritten  in  terms  of  Su<>  as 


_  S,,u 

n*“  E^S^-EarJ  +  Ert 


(2  Jb3) 


After  determining  the  three  error  terms,  E„f,  E^.  and  Erf,  Eq.  (2.6.2)  can 
be  used  to  process  any  measured  S,,_  of  the  DUT  and  obtain  its  actual  Stl> 
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CHAPTER  3 


S-PARAMETER  TDR  DEVELOPMENT 


Equipped  with  some  understanding  of  s-parameters  and  error  modeling, 
a  TDR  using  s-parameters  is  developed.  To  get  some  physical  insight,  a  time- 
domain  analysis  is  first  performed  on  the  transmission  line  system  shown  in 
Figure  11.  It  is  then  shown  that  this  method  supports  the  s-parameter  solu¬ 
tion  derived  later. 

3.1  Time-domain  Analysis 

To  simulate  the  TDR,  an  expression  must  first  be  obtained  lor  V0(z,t)  as 
shown  in  Figure  11.  This  means  that  the  Maxwell’s  equations  shown  below 
have  to  be  solved  for  the  transmission  line. 

=  -Lil 

6z  <Jt 

=  -  GY 

3*  3* 

The  solutions  for  the  voltage  V„  and  current  lu  that  satisfy  Maxwell’s 
equations  can  be  written  as  positive  and  negative  traveling  waves  of  the 
form 

V„tz)  =  Ae-ikr  Be<kJ  (3.1.1) 

Ijz)  =  J_(  Ae~tu/  —  Bejkt)  (3.1.2) 

The  boundary  conditions  to  be  satisfied  air 


23 


<3.1  .3) 


vo(0)  *  A  +  B  *  V,  -  Z,  - 


V0(l)  =  Ae-)kl  +  Be*1  =  *  ZL‘  (Ae"*1  -  Be*1) 


From  Eq.  (3.1.3) 


A<  1  +  Z,/ZJ=  —  B<  1  —  Z,/Za)  +  V, 


A-  B 


(Z./Z,,  -  1) 

Iz^zaTTT 


+ 


v. 

VLjz~m 


Alh 

Z,  +  Z0 


+  Vk 


z»  +  z0 


A  =  Brs  +  TV* 


where  I\,  T,  and  rL  were  defined  as 


Z*  -  Z„ 
Z,  +  Z0 


T  = 


Zo 

Z*  +  Z„ 


and 


Zi-Zo 

Zl  +  Zt, 


From  Eq.  (3.1.4) 


Ae-*K  l  -  Z,/Z„)  =  -Be*1)  1  +  ZL/Z„) 


B=  Ae_|-kl 


(ZL/Z„  -  1) 
<ZL/Z„  +  lT 


Ae')-,k  1 


(ZL  -  Z„) 

tzt+z;i 


B  =  r,Ae-'-’u 


(3.1.4) 


(3.1.5) 


(3.1.b> 


.*>  -  • 

*  -  •  -  A 

,>  ‘A 
l' A 


Substituting  Eq.  (3.14?)  into  Fq.  (3.1.5)  results  in 


pubes  b  t„  and  the  propagation  velocity  is  then 


Likewise,  the  distance  d,  between  two  discontinuities  is  given  by 

<*2  =  -  tj) 

Since  it  is  impossible  to  distinguish  between  pulses  when  t,  —  t2<tr,  the 
minimum  distinguishable  distance,  d,  between  two  pulses  is 


For  example,  a  system  with  a  21-nanosecond  rise  lime  will  make  2.57 
meter  resolutions.  Discontinuities  smaller  than  2.57  meters  will  not  be  seen. 
For  a  40-picasecond  rise  time,  resolutions  down  to  3  millimeters  can  be  made. 
The  3-dB  frequency  f*  that  can  be  measured  by  the  system  is  determined  by 

,  _  0J5 

For  the  system  with  tr=  21  nanoseconds,  the  3-dB  frequency  is  only  1 6.6  MHz, 
while  that  with  a  40-picosecond  rise  lime  is  8.75  GHz. 


4.2  Frequency  Range  of  Equipment 

Most  network  analyzers  available  for  microwave  applications  have  a 
frequency  range  of  Oo  to  18  GHz,  which  means  that,  in  general,  s-parameters 
cannot  be  measuix’d  below  0.5  GHz.  Since  Eq.  LT2.1)  uses  measuted  values  of 
5||  at  all  frequencies,  it  will  definitely  affect  how  the  TI)R  is  implemented. 
Occasionally  the  test  set  can  be  forced  to  make  measurements  below  500  MHz 
without  the  network  analyzer  and  the  harmonic  converter  losing  phase  lock. 
This  can  success!  tilly  be  accomplished  with  frequencies  as  low  as  50  MHz, 


For  frequencies  below  50  MHz  (dc  to  50  MHz),  measured  values  for  S,,  must  be 
extrapolated.  In  this  thesis,  values  for  Su  below  50  MHz  were  approximated 
by  the  measured  value  at  50  MHz,  i.e.. 


Snl»)  =  S,,(2irf)  for  0<«<2wf;  f  —  50 MHz 

Another  pertinent  consideration  is  the  interrelation  between  frequency 
range,  pulse  width,  number  of  samples  needed,  and  the  length  of  transmission 
line  that  will  be  used  when  making  measurements.  In  order  to  measure  the 
DLT  with  a  transmission  line  that  is  twice  as  long,  the  pulse  width  must  be 
doubled.  This  will  allow  enough  time  for  the  reflected  pulse  to  be  intercepted 
before  the  second  pulse  is  Launched.  To  retain  the  same  degree  of  “distingui- 
shability,"  the  number  of  samples  must  be  doubled  by  halving  the  frequency 
steps  at  which  samples  will  be  taken.  If  the  sampling  distance  was  decreased, 
then  the  maximum  sampling  frequency  must  increase*  Not  taking  enough 
samples  means  not  acquiring  enough  data  to  effectively  recover  the  true 
response  of  the  DLT  and  could  manifest  itself  by  responses  which  appear  to 
decrease  in  level.  Some  rise-time  degradation  may  also  show  up.  Hence,  cau¬ 
tion  must  be  exercised  w  hen  interpreting  the  V„(t)  values  from  Kq.  (3JM). 

4.3  Processing  Speed 

.As  discussed  above,  changing  the  line  length  or  trying  to  increase  the 
resolution  w  ill  affect  the  number  of  samples  required.  As  the  number  of  sam¬ 
ples  increases,  more  memory  and  more  time  arc  needed  tor  processing  the 
information.  The  speed  of  the  KKT  routine  becomes  very  important  when  a 
large  number  of  samples  are  used.  This  implementation  utilized  a  radix-2  FFT 
algorithm  that  !\“<[uirt?d  2a  number  of  samples,  n  =  2,3_10  [  1 1 J.  II  only  300  sain- 
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pies  were  required  for  a  particular  resolution,  then  512  measurements  had  to 
be  made  in  order  to  satisfy  the  FFT  routine. 

4*4  S-parameter  TDR  Performance 

When  making  measurements,  a  regular  trapezoid  was  used  to  model  the 
excitation  source  V,(tX  Pertinent  quantities  were  defined  as  shown  in  Figure 
12.  In  this  way,  the  rise  time,  t„  and  the  pulse  duration,  Pw,  could  be  changed 
as  desired.  The  analytic  expression  for  the  Fourier  transformed  source  V,(«) 


Amplitude,  V 


Hgure  12.  Input  Excitation  Pulse  Used  in  the  S-parameter  TDR  Simulation. 


was  then  derived  in  terms  of  v*  t*.  and  Pw  as  required  in  Eq.  (3^.1). 

In  the  results  shown  later  (Figure  13  through  15),  typically  there 
appears  first  a  time  delay  t*,  which  was  artificially  introduced  so  that  the 
response  would  not  appear  flush  against  the  left  edge  of  the  plots.  This  does 
not  affect  the  true  response  of  the  DUT.  After  the  time  delay  t*,  the  rising 
edge  of  the  pulse  is  seen,  followed  by  a  matched  50- ohm  line  or  connector 
used  as  a  50-ohm  reference.  The  50-ohm  reference  corresponds  to  a  level  of 
0.500  V,  since  the  default  amplitude  of  the  excitation  source  was  1.000  V. 
Levels  of  the  response  appearing  above  this  reference  indicate  that  the  input 
impedance  of  the  DUT  is  greater  than  50  (dims,  while  levels  below  indicate  an 
input  impedance  between  0  and  50  <hms  The  maximum  ranges  of  the 
response  correspond  to  open  and  short  terminations,  with  the  response  dou¬ 
bling  to  1.000  V  and  dropping  to  0.000  V,  respectively. 

Figure  13  shows  the  time-domain  response  when  the  reference  50-ohm 
line  was  terminated  in  an  open  circuit.  Note  the  delay  t,,  (Oo  ns)  followed  by 
the  50-ohm  reference  line  at  0.500  V  and  then  the  doubling  to  1.000  V  due  to 
the  open  termination.  The  level  changed  again  at  3^5  ns  when  the  falling  edge 
of  the  excitation  pulse  occurred.  In  Figure  14,  the  response  simulated  that  of  a 
matched  load  terminating  the  50-ohm  reference  line.  After  the  lime  delay  t*, 
the  level  remained  at  0.500  V  for  the  entire  pulse  duration,  then  dropped 
when  the  falling  edge  of  the  pulse  occurred.  Figure  15  shows  the  response 
when  the  50-ohrn  reference  line  was  terminated  in  a  short.  Again,  the  lime 
delay  t.,  is  followed  by  the  50- ohm  reference  line.  At  the  end  of  the  line,  the 
level  dropped  back  to  0.000  \  and  then  changed  again \s  hen  the  pulse  ended  at 


.rfXJf.-r. 


?5  0 


1 


The  above  three  responses  very  accurately  simulate  those  of  conven¬ 
tional  TDRs  for  open,  matched,  and  short  terminations.  They  are  exactly 
what  is  expected  from  conventional  TDRs.  .As  a  f urthcr  demonstration  of  this 
accuracy.  Figures  16  and  17  show  the  responses  of  two  different  DUTs  as 
measured  by  the  s- para  meter  TDR  and  by  a  conventional  TUR  which  used  a 
pulse  generating  scope.  The  response  of  the  conventional  TDR  is  displayed  as 
an  inset  superposed  on  that  of  the  s-parameter  TDR  simulation.  Figure  16  is 
the  response  of  a  microstrip  line,  while  Figure  17  is  that  of  an  AMP  connec¬ 
tor.  The  general  shape  of  the  responses  shows  excellent  agreement  and  the  s- 
parameter  simulation  provided  better  resolution  than  the  conventional  TDR. 
This  advantage  is  discussed  further  in  the  next  section. 

4.5  Advantages  of  the  S-parameter  TDR 

As  mentioned  earlier,  the  TDR  utilizing  s-paranieters  has  some 
significant  advantages  over  conventional  TDRs.  The  most  salient  is  the  versa¬ 
tility  it  allows  in  selecting  a  source.  Conventional  TDRs  offer  a  single  sourc- 
with  a  fixed  rise  time-  With  the  s-parameter  implementation,  any  source  can 
be  used  to  check  the  response  of  the  DUT.  Often,  it  is  of  primary  interest  to 
determine  the  point  at  which  significant  degradation  in  rise  time  occurs.  To 
determine  this  point,  the  rise-time  variable  tr  in  the  measurement  program 
can  be  varied  while  observing  the  response,  V„,  oi  the  DUT.  It  is  also  very 
simple  to  access  the  measurement  program  written  For  this  implementation 
and  change  the  pulse  width,  Pw,  as  desired. 

Another  advantage  is  the  increased  resolution  this  implementation  pro 
vides  as  seen  in  Figure  16,  which  shows  the  response  of  a  nticrosirip  line.  The 


toss  due  to  the  micsostrip  line  is  noticeable  when  viewed  on  the  s-parameter 
TDR.  This  information  is  lost  on  the  conventional  TDR  (inset).  The  increased 
resolution  of  the  s-parameter  TDR  is  seen  again  in  Figure  17,  which  shows  the 
response  of  an  AMP  connector.  The  conventional  TDR  used  a  scope  with  a 
rise  time  of  about  40  picoseconds  (inset).  Forty  picosecond  rise-time  scopes  are 
among  the  fastest  presently  available  and  provide  a  3-dB  frequency  of  about 
9  GHz,  With  a  3-dB  frequency  of  only  9  GHz,  the  conventional  TDR  loses 
much  high  frequency  information  about  small  discontinuities.  The  response 
of  the  same  connector  using  the  s-parameter  technique  is  shown  in  the  back¬ 
ground  of  the  same  figure.  Note  that  the  connector  is  much  more  visible  now. 
The  s-parameter  TDR  was  able  to  retain  much  of  the  information  at  high  fre¬ 
quencies  because  a  shorter  rise-time  pulse  was  used.  In  the  s-parameter  TDR, 
it  is  clearly  seen  where  the  connector  begins.  Not  so  for  the  inset.  The  s- 
parameter  TDR  simulation  was  not  constrained  by  the  3-dB  frequency 
f„  =  0.33/t„  since  the  rise  time  tr  could  be  made  as  small  as  desired. 

Perhaps  the  most  significant  advantage  of  this  technique,  however,  is 
the  ease  with  which  the  data  can  be  processed.  The  information  obtained 
from  a  conventional  TDR  is  not  readily  accessible  Lor  processing.  The  s- 
parameter  technique  has  no  such  constraint.  As  a  matter  of  fac'.,  it  was  this 
particular  feature  that  was  utilized  in  solving  the  *de-embcdding"  problem. 


CHAPTER  5 


I 

THE  DE-EMBEDDING  PROBLEM  AND  SOLUTION 

Time-domain  reflectometry  has  many  applications.  Oliver  [l]  utilized  it 
for  locating  discontinuities  in  transmission  lines.  Luce  et  al.  [12]  were  able  to 
determine  less  and  dispersion  in  microstrip  lines  and  coaxial  cables.  Nichol¬ 
son  et  al.  [3]  described  how  it  may  be  used  to  determine  s- parameters,  consti¬ 
tutive  parameters  of  microwave  materials,  driving-point  impedances  and 
transfer  functions  of  microwave  antennas,  and  frequency-domain  scattering 
parameters  of  conducting  surfaces  in  free  space.  In  this  thesis,  the  TDR  appli¬ 
cation  was  restricted  to  removing  unwanted  distortion  which  resulted  from 
connectors  during  the  measurement  process. 

As  mentioned  in  the  introduction,  the  TDR  technique  was  developed  to 
solve  the  de-embedding  problem.  The  objective  was  to  remove  the  effects  of 
any  intervening  connections  between  the  measuring  set  and  the  DUT  (Figure 
18).  This  was  motivated  by  a  desire  to  "see"  the  DUT  alone  and  not  the 
DUT/connector  composite.  As  evidenced  by  Figure  19  (p,  44),  which  is  the 
time-domain  response  of  the  DUT,  (ClOP),  the  TDR  technique  indicated 
where  the  connector  began.  It  was  not  so  easy  to  determine  where  it  ended 
and  where  the  DUT  actually  started. 

Before  the  effects  of  the  connector  can  be  gated  out,  its  boundaries  must 
be  determined.  Marking  the  beginning  of  the  connector  was  a  relatively  easy 
task  as  explained  below.  To  mark  where  it  ended,  the  connector  was  ter¬ 
minated  with  a  matched  50-ohrn  load.  Theoretically,  this  should  show'  up  as  a 
sharp  transition  back  to  the  50-ohm  reference,  thus  precisely  determining 


where  the  connector  ended  and  where  the  DUT  began. 


While  the  above  theory  sounded  reasonable,  it  was  difficult  to  imple¬ 
ment.  The  difficulty  stemmed  from  the  response’s  slow  deviation  from  the 
50-ohm  reference.  If  the  response  showed  sharp  deviations  from  the  50-ohm 
reference,  it  would  be  simple  to  mark  where  the  connector  began  and  ended 
and  quite  easy  to  gate  it  out.  Since  this  was  not  the  case,  a  scheme  was 
developed  to  mark  the  terminals  of  the  connector.  In  this  scheme,  levels  of 
the  response  were  compared  to  those  of  the  50-ohm  reference  (0.500  V).  A 
tolerance  8  was  chosen,  and  data  points  were  evaluated  to  determine  which 
ones  fell  within  the  range  Q.500V  ±  5.  When  three  successive  points  fell 
within  the  tolerance  range,  the  first  one  was  used  as  a  marker.  To  mark  the 
beginning  of  the  connector,  the  first  set  of  three  data  points  falling  within 
the  tolerance  range  was  used;  the  second  set  was  used  to  mark  the  end  of  the 
connector.  Three  successive  data  points  were  selected  as  the  criteria  by  rea¬ 
soning  that  power  spikes  and  surges  will  most  likely  perturb  at  mast  two 
data  points.  It  was  also  desirable  to  avoid  false  markings  in  case  the  connector 
itself  had  a  response  with  multiple  50-ohm  crossings. 

The  above  scheme  was  utilized  in  extracting  the  effects  of  the  connector 
as  demonstrated  in  Figures  19  through  21.  Figure  19  shows  the  unprocessed 
time-domain  response  of  a  DUT  (ClOP)  terminated  in  an  open  circuit.  Preced¬ 
ing  the  DUT  was  a  connector  which  clearly  showed  up  as  the  first  significant 
deviation  from  the  50-ohm  reference.  Figure  20  shows  the  response  when  the 
DUT  was  replaced  by  a  matched  50-ohm  load.  Note  here  that  the  response  did 
transition  back  to  the  50-ohm  reference  line,  but  did  so  very  slowly.  This 
gradual  transition  meant  that  a  judgement  had  to  be  made  as  to  where  the 
connector  actually  ended.  The  tolerance  testing  criterion  was  applied  and 


•JteWb  wiQQfiiyM' 


eventually  the  most  probable  end  point  was  marked.  Equipped  with  both  the 
beginning  and  end  terminals  of  the  connector,  it  was  gated  out.  The  resulting 
time-domain  waveform  then  represented  the  response  of  the  DLT  atone  as 
shown  in  Figure  21. 


CHAPTER  6 


CONCLUSIONS  AND  FUTURE  WORK 

This  study  utilized  measured  values  of  the  s-parameter  Su  to  develop  a 
time-domain  reOectometer.  The  s-parameter  TDR  performed  better  than  con¬ 
vent  i  oal  scope  type  TDRs  because  the  rise  time  of  its  excitation  source  can 
be  made  arbitrarily  small.  This  feature  also  permitted  examination  of  the 
response  of  a  DUT  as  a  function  of  rise  time.  It  can  potentially  be  used  to 
determine  the  point  at  which  significant  rise-time  degradation  occurs. 

The  s-parameter  TDR  was  applied  successfully  to  the  de-embedding 
problem.  Th«*  effects  of  the  intervening  connector  between  the  measuring  set 
and  a  one  port  DUT  were  effectively  removed.  The  scheme  by  which  the  de¬ 
em  bedding  was  accomplished  was  not  an  optimum  on e  since  it  did  not  pre¬ 
cisely  mark  the  exact  terminals  of  the  connector.  Some  work  is  needed  to 
determine  more  accurately  where  the  connector  begins  and  enus  so  that  gat¬ 
ing  it  out  can  produce  a  response  thai  is  as  "connector  I  ns?"  as  possible.  Work 
is  also  needed  to  determine  the  effects  of  truncation  when  using  the  FFT  rou¬ 
tine.  This  was  not  investigated.  Finally,  work  is  needed  to  transform  the 
"connector-free"  time-domain  response  to  the  frequency-domain,  enabling 
design  engineers  to  further  analyze  their  DUTs. 
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